Allopolyploidy, which involves genome doubling of an interspecific hybrid is an important mechanism of abrupt speciation in flowering plants [1] [2] [3] [4] [5] [6] . Recent studies show that allopolyploid formation is accompanied by extensive changes to patterns of parental gene expression (''transcriptome shock'') [7] [8] [9] [10] [11] [12] [13] [14] [15] and that this is likely the consequence of interspecific hybridization rather than polyploidization [16] . To investigate the relative impacts of hybridization and polyploidization on transcription, we compared floral gene expression in allohexaploid Senecio cambrensis with that in its parent species, S. vulgaris (tetraploid) and S. squalidus (diploid), and their triploid F1 hybrid, S. x baxteri [17] . Major changes to parental gene expression were associated principally with S. x baxteri, suggesting that the polyploidization event responsible for the formation of S. cambrensis had a widespread calming effect on altered gene expression arising from hybridization [17] . To test this hypothesis, we analyzed floral gene expression in resynthesized lines of S. cambrensis and show that, for many genes, the ''transcriptome shock'' observed in S. x baxteri is calmed (''ameliorated'') after genome doubling in the first generation of synthetic S. cambrensis and this altered expression pattern is maintained in subsequent generations. These findings indicate that hybridization and polyploidization have immediate yet distinct effects on large-scale patterns of gene expression.
Allopolyploidy, which involves genome doubling of an interspecific hybrid is an important mechanism of abrupt speciation in flowering plants [1] [2] [3] [4] [5] [6] . Recent studies show that allopolyploid formation is accompanied by extensive changes to patterns of parental gene expression (''transcriptome shock'') [7] [8] [9] [10] [11] [12] [13] [14] [15] and that this is likely the consequence of interspecific hybridization rather than polyploidization [16] . To investigate the relative impacts of hybridization and polyploidization on transcription, we compared floral gene expression in allohexaploid Senecio cambrensis with that in its parent species, S. vulgaris (tetraploid) and S. squalidus (diploid), and their triploid F1 hybrid, S. x baxteri [17] . Major changes to parental gene expression were associated principally with S. x baxteri, suggesting that the polyploidization event responsible for the formation of S. cambrensis had a widespread calming effect on altered gene expression arising from hybridization [17] . To test this hypothesis, we analyzed floral gene expression in resynthesized lines of S. cambrensis and show that, for many genes, the ''transcriptome shock'' observed in S. x baxteri is calmed (''ameliorated'') after genome doubling in the first generation of synthetic S. cambrensis and this altered expression pattern is maintained in subsequent generations. These findings indicate that hybridization and polyploidization have immediate yet distinct effects on large-scale patterns of gene expression.
Results and Discussion
Senecio cambrensis (2n = 6x = 60) is a recent allohexaploid hybrid that has formed between S. vulgaris (2n = 4x = 40) and S. squalidus (2n = 2x = 20) on at least two occasions in Britain within the last century [18] . The maternal parent S. vulgaris (groundsel) is a self-compatible (SC), annual weed native to Britain, whereas S. squalidus (Oxford ragwort) is an alien self-incompatible (SI), short-lived perennial originally from Mt. Etna, Sicily. Senecio cambrensis is assumed to have arisen via chromosome doubling in the sterile triploid hybrid S. x baxteri, which occurs infrequently in mixed colonies of S. vulgaris and S. squalidus [19, 20] . Previously, we developed and tested anonymous cDNA microarrays to investigate differences in floral gene expression among S. squalidus, S. vulgaris, their triploid F1 hybrid S. x baxteri, and natural (wild) S. cambrensis [17] . We studied mature flower-bud tissue because flower and inflorescence phenotypes change significantly during the speciation process; [17] specifically, the large radiate capitulum of S. squalidus with SI flowers combines with the small nonradiate SC capitulum of S. vulgaris to produce intermediate short-rayed capitula that are sterile in S. x baxteri and fertile (SC) in S. cambrensis. Microarray analysis revealed an initial large change in floral gene expression in S. x baxteri, with 475 genes showing upregulation or downregulation relative to its parental taxa and also, importantly, relative to natural S. cambrensis, from which it differs primarily by a change in ploidy level [17] . Thus, the greatest changes in gene expression relative to the parents (''transcriptome shock''-a transcriptional variant of McClintock's ''genome shock'' [21] ) appeared to be associated with the hybridization step to form S. x baxteri [17] .
To quantify the relative difference observed in transcriptome shock in S. x baxteri compared to S. cambrensis, we filtered gene-expression change data from this analysis to identify cDNA clones showing a significant (R1.6-fold) change in expression between S. x baxteri and both parents (S. vulgaris and S. squalidus) and repeated the analysis for S. cambrensis. In S. x baxteri, the number of cDNA clones showing significant upregulation or downregulation relative to S. vulgaris and S. squalidus was almost twice as great as the number observed in S. cambrensis (234 versus 138, respectively), thereby confirming that the transcriptome-shock event was more pronounced in S. x baxteri. Where affected cDNA clones were common to both S. x baxteri and S. cambrensis (103 clones), the deviation in gene expression was measured by comparison of the expression level in each hybrid to the average (additive) expression value for both parental taxa. Calculating the absolute deviation from this parental midpoint for each hybrid revealed a mean deviation value of 0.749 for S. x baxteri and 0.245 for S. cambrensis, with values ranging from 0.019-5.852 in S. x baxteri and 0.002-1.285 in S. cambrensis, respectively. This represents a significant (t test p value = 2 3 10 25 ) difference in the mean deviation from the midpoint expression value between the two hybrids with S. x baxteri showing a 3-fold greater change in expression than S. cambrensis. This further demonstrates that transcriptome shock (here defined as a significant change in gene expression in a hybrid compared to both parents) affected a greater number of genes to a greater degree in S. x baxteri than in S. cambrensis. Thus, whereas transcriptome shock is evident in allohexaploid S. cambrensis, the effect appears to be reduced or ''ameliorated'' relative to S. x baxteri presumably as a consequence of polyploidization. To investigate this apparent amelioration of transcriptome shock after genome doubling and its timing, we created synthetic lines of allohexaploid S. cambrensis by treating nine independent F1 hybrid S. x baxteri lines with colchicine. Progeny from each allohexaploid line were then self-pollinated to create further progenies, and the process was repeated for five generations (S1-S5) for each of the nine different lines (see Experimental Procedures).
Microarray Analysis of Gene-Expression Changes in Natural and Synthetic S. cambrensis Relative to S. x baxteri Microarray comparisons were performed to assess differences in gene expression in 1-2 day pre-anthesis mature flower buds of the triploid F1 hybrid S. x baxteri, natural (wild) S. cambrensis, and the first five generations of synthetic S. cambrensis (S1-S5). Data from 16 replicate hybridizations for each set of plants were analyzed statistically (see Experimental Procedures) to identify gene-expression patterns that were primarily consistent within the five synthetic S. cambrensis lines. This analysis identified a pool of 2554 cDNA clones, representing 40% of the total number printed on the array ( Figure  1A ). Further statistical filtering reduced this number to 1162 clones that showed statistically reliable expression data ( Figure 1B) . Reliability of microarray expression data was further confirmed by the performance of quantitative RT-PCR (qPCR) on 10 cDNA clones. Six of these showed expression patterns matching or similar to those observed on the microarrays (see the Supplemental Data found with this article online). This figure is consistent with our previous finding of approximately 65% agreement between array data and qPCR data for this array platform [17] and also with values observed for other systems [22] .
To correlate results from this analysis with those from our previous analysis [17] , we further filtered the pool of 1162 clones to identify clones showing expression change between natural (wild) S. cambrensis and S. x baxteri ( Figure 1C ). This identified 689 cDNA clones (60%) showing significant differential gene expression in natural S. cambrensis relative to S. x baxteri. Analysis of the individual expression profiles of these cDNA clones with K-means clustering on similarity of expression identified eight different gene-expression patterns (Figure 2 ), which fell into five distinct groups. Group 1 (Figures 2A-2B ) contained the majority of cDNA clones (400 out of 689; 58%) and consisted of cDNA clones that displayed an immediate shift toward natural (wild) S. cambrensis-like expression levels in S1 synthetic S. cambrensis; these expression levels were then maintained (and occasionally reinforced) throughout the S2-S5 generations. Such a pattern of altered gene expression is consistent with the amelioration effect observed in our previous analysis [17] . Normalized microarray data for a selection of clones that displayed this expression pattern is presented in Table 1 . Group 2 ( Figure 2C ) cDNA clones (67; 10%) all showed an expression shift similar to that of clones in Group 1 (particularly those shown in Figure 2B ) but at an expression level intermediate between that of S. x baxteri and natural S. cambrensis. Group 3 ( Figure 2D ) was composed of 50 cDNA clones (7%) that showed a slow progression toward natural S. cambrensis-like expression levels across all five generations of the synthetic lines. The second largest subset (20%) of cDNA clones (group 4; Figures 2E-2F) displayed the same initial expression change in the S1 generation as that seen in the group 1 cDNA clones but differed from group 1 because this changed level of gene expression was not maintained across all five generations of synthetic S. cambrensis. The majority (110) of group 4 cDNA clones showed variation in the S2 allohexaploids ( Figure 2E ), whereas the remainder (27) showed variation in the S3-S5 generations ( Figure  2F ). The final category (group 5; Figures 2G-2H) consisted of 35 cDNA clones (5%) that showed a maintained shift to an expression level more extreme than that of (35) showed in the S1-S5 synthetic S. cambrensis lines was more extreme than that observed in either S. x baxteri or natural (wild) S. cambrensis. (I) The stable expression level shown by 64 cDNA clones in the S1-S5 synthetic lines was similar to that observed in Group 5, but there was no expression change between S. x baxteri and natural S. cambrensis.
either S. x baxteri or natural S. cambrensis. Collectively, these five groups of genes can be described as being affected by allopolyploidization because they all show a primary change in expression associated with hybridization and then a secondary change associated with genome duplication.
Of the 1162 cDNA clones that showed reliable expression data, 40% (473) did not display a substantial (R1.6-fold) change in expression level between S. x baxteri and natural S. cambrensis, nor was such a change apparent in the S1-S5 synthetic allohexaploids, barring some variation in the S2 line ( Figure 1D) . Investigation of the microarray data from our previous analysis [17] revealed that the majority (65%) of these 473 cDNA clones showed no change in expression in either S. squalidus or S. vulgaris relative to either hybrid, suggesting that these genes are not affected by either hybridization or polyploidization. However, the remaining 35% of these cDNA clones did show a difference in expression between the hybrids and one or both parental taxa, suggesting that these genes were affected solely by the process of hybridization. Interestingly, 64 (12%) of these cDNA clones displayed a similar pattern of expression to that seen in group 5 ( Figures 2G-2H ), whereby there 
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Normalized microarray expression data for a subset of cDNA clones that showed a stably altered pattern of gene expression in S. cambrensis relative to S. x baxteri (group 1 in Figure 2 ). Expression data are given for S. x baxteri, the S1-S5 generations of synthetic S. cambrensis, and natural (wild) S. cambrensis; the results of BLAST similarity searches for each clone and GenBank/EMBL accession numbers for the cDNA sequences are also given. Numbers in parentheses under each expression value are the standard error of the mean.
was a stable level of expression that was more extreme in the synthetic lines of S. cambrensis than in either S. x baxteri or natural S. cambrensis ( Figure 2I ).
Amelioration of Transcriptome Shock in Synthetic and Wild Allohexaploids
The finding that the majority of cDNA clones showing expression changes displayed an immediate switch in synthetic S. cambrensis toward an expression pattern either matching (group 1) or approximating (group 2) that of natural S. cambrensis reinforces our previous finding [17] that, for a substantial proportion of genes, the transcriptome-shock effect experienced after hybridization is ameliorated (reduced) after genome doubling. Analysis (Pearson correlation) of log expression ratios for cDNA clones that were differentially expressed between S. x baxteri and natural S. cambrensis in both this analysis and our previous microarray comparison of these hybrids and their parent taxa, S. squalidus and S. vulgaris [17] , showed a significant (r 2 = 0.8059) correlation between the two experiments ( Figure 3 ). This indicates that the majority of genes showing transcriptome shock and subsequent ameliorated expression in the first analysis (involving natural S. cambrensis) [17] displayed similar expression change in the analysis of synthetic S. cambrensis. This suggests that (within flower bud tissue at least) the same genes tend to be affected by separate instances of hybridization, polyploidization, or both. This finding agrees with similar observations in Arabidopsis suecica, in which 56% of genes affected by allopolyploidization were in common between two independent synthetic lines [16] . As with the current Senecio study, variation between the two analyses may be due to differences occurring at the level of individual hybridization or polyploidization events. Although it is possible that some of the changes in gene expression observed after hybridization and genome duplication may arise from simple dosage effects, this cannot explain all of the widespread gene-expression changes observed in both our analysis and similar studies [16] . For instance, certain genes (most notably ribosomal RNA genes) were expressed at higher levels in triploid S. x baxteri than in hexaploid S. cambrensis, whereas other genes were expressed at lower levels in the polyploid taxa than in their diploid parent S. squalidus. These observations indicate that many of the observed expression changes are likely to result from effects on gene-regulatory mechanisms.
That a high percentage of gene-expression changes occur in the S1 synthetic allohexaploid and are maintained in subsequent generations suggests that neopolyploid hybrids can become genetically stable very rapidly through the single-step process of chromosome doubling. In addition to the immediate effect of polyploidization on gene expression, a sizable proportion (27%) of affected cDNA clones that displayed expression changes between S. x baxteri and synthetic S. cambrensis showed either a slower progression toward natural (wild) S. cambrensis expression levels (group 3; Figure 2D ) or variation in expression at some stage within the S2-S5 generations of synthetic S. cambrensis (group 4; Figures 2E-2F) . From an evolutionary perspective, this variation in gene expression may be as important to the success of a newly formed allopolyploid as the immediate changes seen in the S1 synthetic lines because it represents another source of genetic novelty through which the allopolyploid could adapt to novel selective pressures to which its parental taxa cannot. Strong evidence for such an assumption comes from a recent study of changes to gene expression in the homoploid hybrid sunflower, Helianthus deserticola [23] . In this study, Lai et al. showed an association between the phenotype of H. deserticola, which is adapted to an extreme arid environment in which neither of its parents, H. annuus and H. petiolaris, can survive, and a transgressive pattern of parental gene expression such that a suite of genes that was potentially important for drought tolerance was upregulated in H. deserticola. This implies that transgressive expression patterns in newly arising hybrids (and, by extension, allopolyploids) may preadapt a hybrid or one of its segregants to a new environment that is not accessible to either parent or other segregants. The patterns of gene expression shown by group 5 cDNAs in this analysis ( Figures 2G-2I) clearly demonstrate a transgressive pattern of expression in the synthetic allohexaploid lines such that they show stable expression levels that are more extreme than those seen in either S. x baxteri or natural S. cambrensis. This potential for transgressive gene expression in Senecio allohexaploids may have been important during the early evolution and establishment of S. cambrensis in the wild.
Types of Genes Affected by Hybridization and Polyploidization
Basic gene-function ontologies were constructed for cDNA clones with expression patterns affected by allopolyploidization ( Figure 4A ), affected by hybridization only (Figure 4B ), or unaffected by either ( Figure 4C ) (see Experimental Procedures). Interestingly, all three ontologies were remarkably similar with no one putative functional class of genes being overly affected by Scatterplot showing log ratios of normalized expression data for S. x baxteri:natural S. cambrensis from our previous microarray comparison (x axis) of S. x baxteri, natural S. cambrensis, and their progenitors S. squalidus and S. vulgaris [17] , plus expression data for S. x baxteri:natural S. cambrensis from the present analysis (y axis). The trendline shows a significant (r 2 = 0.8059) correlation between the data from both microarray analyses, implying that the majority of observed changes in expression level were common to both experiments.
hybridization or allopolyploidization. Nevertheless, there was a slightly greater representation of genes potentially involved in floral or pollen development among clones affected by hybridization and allopolyploidization than among those showing no expression change between hybrids and their progenitors (7% and 5%, respectively, compared to 1%). This may reflect altered floral phenotypes that arise after hybridization and allopolyploidization. Genes potentially involved in signaling, defense and stress, and fatty-acid biosynthesis were also more represented among clones affected purely by hybridization, but the overall similarity of the ontologies suggests that the majority of the observed geneexpression changes are fairly nonspecific and involve a wide variety of transcripts.
Conclusion
Microarray analysis of floral gene expression during allopolyploid formation in Senecio clearly demonstrates that hybridization and polyploidy lead to rapid and widespread, yet mutually distinct, changes in levels of gene expression, and the majority of these changes are maintained in subsequent generations of the new allopolyploid. Most of the cDNA clones whose expression was affected by genome duplication in the synthetic allohexaploid lines showed an immediate or rapid shift in expression toward that seen in natural (wild) S. cambrensis. This finding that genome duplication can have such an immediate ameliorating effect on changed levels of gene expression (transcriptome shock) arising from hybridization was unexpected and raises intriguing questions about the gene-regulatory mechanisms that are responsible.
Other studies [12, 13, 16] have also demonstrated immediate and stable changes to gene expression in allotetraploids, but these systems have not permitted separate observation of changes arising from the distinct events of hybridization and polyploidy. In particular, Wang et al. [16] showed dramatic nonadditive changes to gene expression in synthetic Arabidopsis suecica allotetraploids and, in a comparison with autotetraploids, proposed that interspecific hybridization was most likely to be the main source of transcriptional variation. Although these findings correlate broadly with our observations in Senecio, the Arabidopsis system involves the production of autotetraploid A. thaliana, which is then crossed with tetraploid A. arenosa to produce the allotetraploid A. suecica. By studying gene expression in synthetic allopolyploid S. cambrensis formed from the triploid intermediate hybrid S. x baxteri, we gain additional insight into the genetic consequences of allopolyploidization because the hybridization and polyploidization steps are uncoupled and therefore distinct. Our analysis of gene expression in synthetic allohexaploid S. cambrensis clearly shows that interspecific hybridization is indeed the primary source of changed patterns of gene expression, and thereby confirms the hypothesis proposed by Wang et al. [16] . However, the Senecio analysis also shows that polyploidization itself results in a secondary change in gene expression either to a state resembling that in one of the original parent taxa or to a state distinct from both parents and the triploid hybrid. This effect is then broadly maintained throughout subsequent generations of the synthetic allopolyploid. Importantly, the sudden alterations that different generations (segregants) of the synthetic allohexaploids display in gene expression may represent sources of genetic novelty that may be adaptive in a new environment.
What then are the regulatory processes underlying these widespread changes to gene expression in newly formed allopolyploids? Recent studies of gene-expression change in polyploids highlight a variety of potential mechanisms including homeologue-specific gene silencing, altered regulatory networks, DNA methylation, and chromatin remodeling [7, 8] . Determining the nature and extent of interactions between these varied transcriptional regulatory mechanisms will be the next important step in understanding how hybrid genomes evolve during allopolyploid speciation in plants.
Experimental Procedures
Plant Material Senecio squalidus, S. vulgaris var. vulgaris, S. cambrensis, and nine synthetic lines of F1 S. x baxteri were grown as described in Hegarty et al. [17] . Synthetic S. cambrensis was generated by treatment of young cuttings of nine independent F1 hybrid S. x baxteri lines of with colchicine. Lateral shoots were removed from four healthy cuttings of each S. x baxteri individual, and their apical shoots were wrapped in cotton wool soaked in 1% aqueous colchicine (Sigma, UK) for 6-8 hr. At 2 hr intervals during the treatment, the cotton wool was moistened with additional colchicine solution. Treated cuttings were then allowed to grow to flowering in a heated glasshouse (maximum day temperature was 22 C; minimum night temperature was 15 C) with supplementary lighting to give 16 hr day and 8 hr night lengths. As capitulum (inflorescence) buds formed, they were covered with small muslin bags to prevent contamination with alien pollen and to aid collection of selfed fruits (achenes). When flowers opened, self-pollination was aided by occasional agitation of the muslin bags. All colchicine-treated cuttings produced fruits. Progenies of putative hexaploids were raised from fruits of the 36 cuttings, and the ploidy of individual young plants was determined by flow cytometry [17] . The majority of the plants tested were hexaploid, although tetraploid, pentaploid, and heptaploid individuals were also identified. Hexaploid individuals were obtained from all nine original S. x baxteri hybrids and were subsequently referred to as first generation (S1) ''synthetic'' S. cambrensis. Four further generations (S2-S5) were derived from selfed progenies of the nine synthetic S. cambrensis lines. Plants were grown in controlled-environment chambers with 16 hr day and 8 hr night lengths (day temperature was 20 C and night temperature was 16 C) with 30 min bursts of far-red light at the beginning and end of the ''day'' cycle. The gross floral and vegetative phenotypes of the nine F1 S. x baxteri hybrids were all very similar and resembled that of the S. vulgaris parent except that the hybrids were all larger and possessed ray flowers. The floral and vegetative phenotypes of individuals of the nine S1 and S2 allohexaploid lines were similar to S. x baxteri except that they were generally larger and possessed more and longer ray flowers. Individuals in the S3 to S5 generations were more variable for capitulum morphology, particularly in the presence or the absence of ray flowers and in ray-flower length. To achieve an ''average'' allohexaploid phenotype [17] for microarray comparisons, we pooled tissue from 27 individuals for each generation (three progeny from each of the nine lines derived from the original nine S. x baxteri genotypes). Only S3-S5 individuals that possessed ray flowers (w5% of individuals were rayless) were selected for RNA extraction and subsequent microarray analysis.
RNA Extraction
Mature flower buds, defined as buds in any stage postcapitulum opening but prior to anthesis, were harvested into liquid nitrogen after the surrounding bracts were carefully removed. Tissue harvesting was performed equally between the hours of 9:30 a.m. and 12:30 p.m. and between 2 p.m. and 5 p.m. in order to minimize circadian effects on gene expression. Multiple tissue samples from each generation were pooled to normalize within-generation variation. RNA extractions were performed [17] , and several RNA samples for each generation were pooled to minimize technical variation.
Microarray Analysis
Microarray expression studies were carried out as described in Hegarty et al. [17] with the alteration of the labeling protocol to employ cDNA produced via the SMART cDNA technique (BD Bioscience). Full details of array hybridization and raw signal data are available from the EBI ArrayExpress database (http://www.ebi.ac.uk/ arrayexpress/) under accession code E-MAXD-5. Array layout is available under accession code A-MAXD-3. Data were prenormalized [17] and loaded into the GeneSpring statistical package (Silicon Genetics) for comparison of normalized expression values.
qPCR Analysis Quantitative RT-PCR (qPCR) analysis of gene expression was performed per Hegarty et al. [17] . Primers (sequences available in the Supplemental Data) were designed to obtain amplicons of 100-300 bp size, and PCR products were checked via agarose gel electrophoresis to ensure that only a single product was obtained from either wild hybrid prior to qPCR [17] . This was further tested via melting-curve analysis of the qPCR products.
Construction of Gene-Function Ontologies
Sequencing of cDNA clones was performed by the SBS sequencing service at the University of Edinburgh. Good-quality sequence information was obtained for 95% of the 1162 cDNA clones that showed statistically significant expression data. BLAST similarity searches against the GenBank/EMBL database (E value cutoff of %1 310 5 ) allowed basic gene ontologies to be constructed for clones that displayed ameliorated expression patterns in S. cambrensis relative to S. x baxteri (genes affected by allopolyploidization; Figure 4A ), clones that displayed altered expression in S. x baxteri and S. cambrensis relative to their parental taxa S. squalidus and S. vulgaris (genes affected by hybridization, Figure 4B ), and clones that showed no change between the four taxa ( Figure 4C ).
Supplemental Data
Supplemental Data can be found with this article online at http:// www.current-biology.com/cgi/content/full/16/16/1652/DC1/ and include qPCR results (both data and graphs showing correlation of expression between the qPCR and microarray analyses), qPCR primer sequences, and full lists of 1162 differentially expressed clones showing reliable microarray expression data.
